This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate repreS^intations of 
the original documents submitted by the applicant. 

Defetts in the images may include (but a^^ . 



• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BESt AVAILABLE COPY. 



As rescaniimg documents will /t^;^ correct images, 
please do not report theiniages to the 
Image Problem Mailbox. 



PCX 



woRU, imm^ oROANBA-noN 




„ , „-^^ .00. ^r.r.n. pttbUSHED UNDER PAT^ COOPERATION <^ 



[ (51) International Patent Ctosslllcatloii 6 : 
A61B SAW 



Al 



(11) International PubUcatlon Number: 
(43) IntOTiational Publication Date: 



WO 98/26710 

25 June 1998 (25j06:98) 



I (21) international Application Number: PCr/US97/24263 
(22) international FDing Date: 18 December 1997 (18.1Z97) 



(30) Priori^ Data: 
' 08^0.138 



19 Decemberl996 (19.12.96) US 



.> NOVAMETRDC MEDICAL SYSTEMS. INC. 

^P^SSl; J?S!p^Lane. Wallingfbrf. CT 06492 (US). 

. ^. ORR- Jowoh. A4 5992 Lupine Way. Salt Lake Otsf. 
I (72) '"'ty^S 2*;%)TOTaiD. ScottJU 743 South 1200 Ea«. 
VT.^Jv. r^ UT 84102 (US). WESTONSKOW. Dwayne; 
Salt Lake Cay. "c*'"* ^rf' . 04121 (US). 

3439 East Wbiesap Road, Sa» 1^ taSNj"!^ 
jSpsTMichael. B4 410 Mountain Road. Cheshnc. CT 

06410 (US). 

I n4\ Acents: BOND. Laurence. B. et al.; t^l^ & 
I ^ ^ SsO, sat Lake City. UT 84110 (US). 



ffln DeslEnated States: BR, JP, European patent (AT. BE. OipE. 
(81) DeJ^tM ^ ^ GR.IE.rr, LU. 1^ NL. PT. SE . 



Published 

With iiaemattonal search report ... 
fi</br« Ae expiration of the time UmU for amending the. 
claims and to be republished in the event of the receipt of 
amendments. 



Title: APPARATUS AND 



MEIHOD FOR NON-INVASIVELY MEASURING CARDIAC OUITOT 




'''^^u.andme-KX.fo.non^nv.siv^^ 

appaniK^S^smx:*"* wi* an '^^^^^^^^^^^ ^^SJ^^^ twc^way valve (22) which «nde» appa«u» 
I Stt^lbe apparatus (50) is constnicted of inexpensn^ ^^^"•^^X Tbe roShod of the invention provides a novel means<46) of 

1 ^iac output te also disclosed. 



FOR THE PURPOSES OF iNPORMATiWi WIY 

Cod«i«cd to identify Stales W 



AL 


Atab 

AnM^ 


AM 
AT 


AiMfto 


AU 


Amtnifift 


A£ 


AxBrii>yBi 


■A 


Bosnia MSd Her 


n 


Btftedoi 


MS 




■P 


BtMUnaRMO 


BG 


Bulsaria 


El 




BR 


Bmil 


0y 


Belvm 


CA 


Cnadi 


CF 


CearnU Afrta 


CO 




CH 


SwfcieriMd 


a 


CttsdfvoiM 


CM 


CBnwfooo 


CN 




cu 


Ctata 


cz 


Cttch Rcpabfic 


DE 


Oeranqr 


DK 


DeuuAMk 


BB 





Ul 

GA Oto LV Urm 

(W UDiiedKfa«ten MC 

GB OecMfift MD 

GH C»mm MG 
CH 
GR 

HI) HumsMy ML 

IB IreM MN 

bad MR 

IS 



RepoUieorMoUova 



RcfKOittccri 



MW Mdawi US Uidted Sttiei oT Aroeria 



IT Italy MX Miilm 

JP lip. NB 

KB Kcagra NL 

KG Kyigyaan NO 

KP Democncic Feople's NZ 

RqmUic of Korea PL 

KR ReiNiblkor Korea FT 

KZ Kaadcnan RO 

LC Saint Lacia RU 

U U t ch n -mtei i SD 

LK SriLanfca SB 

LR Uberia 4SG 



n 




SK ' 


Slovrida 


8N 




8Z 
TD 




TG 




TJ 


l^Ddna 


TM 




TR 




TT 


IMdadnd 


UA 


UknlBB 


uo 


UgMda 


us 


UaHedSiaiei 


uz 




VH 


Vtetltaa 


YU 


Yi«oiMa 


zw 





WO98/2C710 



PCr/l)S97/2««3 



APPARATUS AND METHOD FOR NON-INVASIVELY 
MEASURING CARDIAC OUTPUT 

pipW of the Tnvention : This invention relates to non-invasive means of 
detennining cardiac output in patients, and specificaUy relates to partial ie-breathii« 
systems and methods for determining cardiac output in patients. 

«;tatftmefitofthe Art : It is important in many medical procedures to 
10 determine or monitor the cardiac output of a patient. Tediniques axe known and 
used in the art which employ the use of catheters mserted at certain arterial points 
<e.g., femoral artery, jugular vein, etc.) to monitor blood ienq>erature and pressure 
in order to determine cardiac ouqnit of the patient. Although such techniques can 
produce a reasonably accurate result, the invasive namre of the procedure has high 
15 potential for morbidity and mortality consequences. 

Adolph Pick's measurement of cardiac ouqnit, first proposed in 1870. has 

served as the standard by which aU other means of determinhig cardiac output have 
been evaluated smce that date. Pick's weU-known equation, written for CO,, is: 



20 



where Q is cardiac output. Vca is the amount of COj excreted by the hmgs and 
r and c are die arterial and venous CQi concentrations, respectivdy. 

Notably, the Fide Equation presumes an mvasive method (i.c., catheterization) of 
calculating cardiac output because the arterial and mixed venous blood must be 
sampled in order to detennine arterial and venous CO, concentrations. 

25 It has previously been shown, however, that non-mvasive means may be 

used for detennining caniiac output while still using principles embodied in the Fick 
Equation. That is. expired CO, ("pCO,") levels can be monitwedto estimate 
arterial CO, concentrations and a varied fonn of the Pick Equation can be applied to 
evahiate observed changes in pCO, to estimate cardiac output. One use of the Pick 

30 Equation to detennine cardiac ouq)ut in non-invarivcprooedi»es requires the 
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comparison of a "standard" ventilation event to a sudden change in ventilation 
which causes a change in expired COj values and a change in excreted volume of 
CO:- The conunonly practiced means of providing a sudden change in efifective 
ventilation is to cause the ventilated patient to re-breath a specified amount of 
5 previously exhaled air. This technique has commonly been called "re-breathmg. " 

Prior methods of re-breathing have used the partial pressure of end-tidal COj 
to approxnnate arterial CQi while the lungs art as a tonometer to measure venous 
CO2. That method of re-breadiing has not proven to be a satis£Bctoty means of 
xneasuring cardiac output because the patient is reqmred to breath directly into and 
10 from a closed volume in order to produce the necessary effecL However, it is 
usuaUy impossible for sedated or unconscious patients to actively pardcqnte m 
inhaliAg and exhaling into a bag. The work of some researdiMS demonstrated that 
the Pick Equation could be fiuther modified to eliminate the need to directly 
calculate venous P„ (P^) by assuming Aat the p does not change within tiie 

15 time period of the perdnbation- an assumption that could be made by employing the 
partial re-breathing method. (See, Capek et al., "Noninvasive Measurement of 
Cardiac Ou^t Ush% Partial CO2 Rebreathing" . ^FT? Transactions On Biomedical 
Engjneenag. Vol. 35, No. 9, September 1988, pp. 653-661.) 

Known partial re-brealhing mefliods are advantageous over invasive 
20 measuring techniques because tiiey 1) are non-invasive, 2) use the accepted Fick 
princ^le of calculation. 3) are easily automated. 4) require no patient cooperation 
and 5) aUow cardiac output to be calculated ficom conmionly monitosed clmkal 
signals. However, known partial re-breathmg methods have significaiit 
disadvantages as weU. Specifically, known methods 1) are less accurate wifli non- 
25 inmbated or spontaneously breatiiing patients, 2) only allow interniitient 

measurements (usuaUy about every four nunutes), 3) result m an observed slight, 
but generally clmically insignificant, increase In arterial CO, levels, and 4) do not 
permit measurement of shunted blood flow (fluit is, blood which does not participate 
in gas exchange). Further, known apparanis used for partial re-biealhii« tixhniqi^ 
30 are of standard construction and do not compensate for differences m patient siae or 

capadries. In addition, many devices employ e;5)ensive elements, such as three- 
way valves which render the devices too expensive lb be used as dispos*te unte^ 
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Unis, it would be advantageous to provide a means of measuring cardiac 
output using partial re-breathing techniques which 1) overcome the disadvantages of 
prior systems, 2) provide better and more continuous measurement, and 3) require 
less expensive equipment thereby making the device suitable for manufecturing as a 
5 single-use, or disposable, product It would also be advantageous to provide partial 
re-breathing apparatus which is mstantaneously adjustable to compensate for various 
sizes and capacities of patients. Further, it would be advantageous to provide new 
methods of estimating cardiac output based on alveolar CO2 ontpat rather than end 
tidal CQ2 as is currently used in the art 

10 

CTTMMARY OF TWF TNVENTION 
In accordance with the present invention, apparatus and me&ods for 
measuring cardiac output using a modified Pick Equation are provided where the 
amount of deadspace which is provided in the apparatus can be adjusted to increase 
15 or decrease the vohune of exhaktte to be re-breaflied by die patient, ibeaby 
decreasing ventilation widiout changmg airway pressure. The ^aratus and 
mediods of the present invention also provide an adjustability factor which enables 
the appaiams to be adjusted to suit any size or ca?)acity of patient. The apparatus of 
die present invention also employs significantly less expensive elements of 
20 construction thereby rendering die device disposable. 

The apparams and methods of the present invention apply a modified Pick 
Equation to calculate changes in pCOi flow and concentration to evahiate cardiac 
ouQiuL The traditional Rck Equation, written for CO, is: 



25 where Q is cardiac ouq)Ut (when calculated using re-breafliing techniques refened to 
as puhnonary capillary blood flow or -PCBP-). is tbe ou^ of CO, from die 
lungs and C and ar« the arterial and venous CO, concenttations, 
respectively. It has been shown in prior work of others diatc»diac output «an be 
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estiinated from calculating the change in pCOa, as estimated by end-tidal CQj 
("etC02")f as a result of a sudden change in ventilation. That can be done by 
applying a differential fonn of the Pick Equation as follows: 



5 where is arterial COj concentration, is venous CO2 concentration, and tbc 
subscrq>t5 1 and 2 reference measured values before a change in ventilation and 
measured values during a change in ventilation, respectively. The differential form 
of the Pick Equation can, therefore, be rewritten as: 



10 where ^ ^ change in CO2 production in response to ibe change in 

ventilaticm. AC is the change in arterial COj concentraticm in lesponse to the 

change in ventilation, AetC02 is the change in end-tidal CO2 concentration and « is 
the slope of the CO2 dissociation curve. The foregoing differential equation 
assumes that there is no appreciable change in venous COj concentration during &e 

15 re-breathtaig episode, as demonstrated by C^)dc et al. , in their previous woik. 
Also, a dissociation curve, well-known in the art, is used for determining CX), 
concentration based on partial pressure measuremenls. 

In previous partial re-breadiing methods, a deadspace. usually eomprising an 
additional 50-250 ml capacity of air passage, was provided in the ventilation circuit 

20 to decrease the effective alveolar ventilation. In the present invendon, a ventilation 
apparanis is provided with an adjustable deadqwce to provide the neoessaiy change 
in ventilation for detwrnining accurate changes in COj production and end-tidal COj 



WOSWfinO PCr/US97/242fi3 

-5- 

coimnensurate with the requirements of differently sized patients. In one 
embodiment of the ventilation apparams, selectively adjustable deadspace is 
provided through which the patient exhales and mhales. Thus, the adjustable 
deadspace of the apparatus permits easy adjustment of the deadspace to 
5 accommodate any size or capacity of patient, from a small to a large adnlt. As a 
result, the patient is provided with a volume of re-breathable gas commmsurate 
with the patient's size which decreases effective ventilation without changing the 
aiFway pressure. Because airway and mtra-thoracic pressure are not affected by flie 
le-breathing method of the present invention, cardiac ou^ is not significanlly 

10 affected by re-breathmg. In an alternative mefljod, die deadspace may be 

effectively lessened by selectively leakmg exhaled gas from the ventilation system to 
atmosphere or to a closed receptacle means during inspiration. 

The ventilation apparatus of the present invention iocltides a tubular portion 
which is placed in contact with the patient, and an inhaladon conduit and exhalation 

15 conduit. In a common configuration, the inhalation conduit and exhalation condnit 
may be interconnected between a ventilator unit and the patient. Alternatively, 
however, a ventilator unit (i.e.. a source of deliverable gas mechanically operated to 
assist tije patiem in breatiiing) need not be used with tiie ventilation apparams and 
inhaled and exhaled breatii is merely taken from or vented to atmosphere. Oflier 

20 conventional equipment commonly used with ventilator units or used in ventilation 
of a patient may be used with the inventive ventilation ^aratus, such as a 
breaduxtg mask. 

An electrical pneumotadiometer for measuring flow of gas and a c^nogrqih 
for measuring COj concentrations are provided m proximity to the lubular poctioo 

25 between the inhalation and exhalation portions of the ventilation apparams and tiie 
patiMt's lungs. The pneumotachometer and capnograph serve as detection 
apparams for detecting changes in gas concentrations and flow and are in electrical 
communication witii a computer havmg software designed to store and evaluate the 
measurements taken by tiie detection apparams in real time. Oflier forms of 

30 detection apparams may be used. Adjustable deadspace means are provided m 
connection with tiie exhalation portion of tiie ventilation apparatus, and may 
interconnect with the inhalation portion of flie ventilation sppaxsm. In one 
embodiment, tiie adjustable deadqiace means may be manuany adjusted. 
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Altematively, electromechanical means may be interconnected between the 
computer and the adjustable deadspace means to provide automatic adjustment of the 
deadspace volume responsive to the size or capacity of the patient tod responsive to 

changes in ventilation. 
5 In an alternative embodiment, a tracheal gas insufflation appaianis is used to 

provide the change m ventflation necessary to calculate puhnonaiy COj changes 
using the differential Fide Equation. Tracheal gas insufflation ("TGI") apparatus is 
commonly used to flush the deadspace of the alveolar spaces of the lungs and to 
replace the deadspace with ftesh gas infused through insufflation means. That is. 

10 fresh gas is introduced to the central airway to improve alveolar ventilation and/or 
to mmimize ventilatory pressure requirements. TGI apparatus is interconnected to a 
ventilator system and inchides a means of introducing ftesh gas into the breathing 
mbe as it enters the patient's lungs. The TGI apparatus may be used in the methods 
of the present invention to determme baseline measurements of YCOi and etCOj 

15 duriiig TGI. When the TGI system is nimed off, a deadspace is formed by flie 
patient's trachea and the endo-tracheal tube of the TGI apparatus yf/bkih allows 
nieasurement of a change in CQi to be evaluated in accordance wifli the invention. 
Further, the caflieter of the TGI apparaws may be variably positioned within the 
trachea of die patiem to further adjust the deadspace vohnafc. 

20 The deadspace provided in die apparatus of the present invention causes a 

rapid drop in VCO, which thereafter increases slightly and slowly as the fimctional 
residual lung gas capacity equiUbrates witti the mcrcase in alveolar CO^ levd. The 
change in etCO, rises more slowly after the addition of deadspace. depending on 
alveolar deadspace and cardiac output, but then stabilizes to a new level. A 

25 "standard," or baseline, breatiiing episode is conducted for a selected period of time 
immediately piecedmg the nxtroduction of a deadspace (i.e., lebreathing) and VCOj 
and etCO, values are determined based on measurements made dioing the 
-standard" breathing event. Those values are substituted as the vahies WCO^ and 

Q in the differential Pick Equation. VCO2 and etCO, vahies ate also 

30 determined from measurements taken approximately thirty seconds following the 
introduction of a deadspace during partial rebreathmg to pK>vide the second values 
(subscrqit 2 vahies) in the differential Pick Equation. The period of time during 
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which partial rebreathing occurs and during which normal breathing occurs may be 
determined by the mdividual size and hrng capacity of the patienL Additionally, the 
period of time between a rebreathiAg episode and a subsequent normal breathing 
episode may vary between patients depending on a particular patient's size and 
5 breath capacity. Thus, a thirty second time period for a breathing episode is only 
an average time and may be greater or lesser. 

Cardiac ou^ut is determined, in the present invention, by esthnating alveolar 
CO2 concentration rather than basing output on end-tidal COj concentration, as is 
practiced in the prior arL Partial pressure values that are obtained from CQi 
10 measurements are converted to a value for gas content in the blood using die 

dissociation equation known in the art. Thus, a more accurate cardiac output can be 
determined. In addition, the accuracy of cardiac ou^ is increased by correcting 
VCO2 values m accoum for flow of COi into the fmictional residual capacity of tte 

lungs, defined as the vohime of gas left in the hmgs at the end of an expired brealii. 
15 The determmation of values based on experiential data are processed by the • 

software program to determine cardiac ouQmt. 

The ventUation apparatos of the present invention employs inexpensive yet 

accurate monitoring systems as compared to the systems currently used in flje art. 

The methods of the invention allow automatic adjustabiliiy of the apparatus for 
20 accommodating patients of different sizes and provides consistait monitoring with 

modest recovery time. Further, the present apparatus and mefliods can be used 

e^y with non-responsive, intobated patients as well as non-imubaled, responsive 

patients. 

25 PT?TFP PFSCRT prrnN OP THE DRAWINGS 

In the drawings, which iUustrate what is currently considered to be the best 

mode for carrying out the inventian: 

FIG. 1 is a schematic representation of conventional ventilation systems used 

for assisting patient breathimg; 
30 HG. 2 is a schematic representation of prior art re-breatiiing systems; 

HG. 3 is a schematic first embodiment of flie ventilation ^)panuus of ttie 
present invention illustrating an adjustably expandable deadspaoe; 
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' I^GM is a schemata repiesentauon of an alternative embodiment of 
present invention where the re-breatiiing circuit is consttucted with a leak vjdvc; 

FIGS. 5(a)-(c) are a schematic representation of anotiier altcinativc 
embodiment of flie present invention where the inhalation portion and exhalation 
5 portion of the ventilation circuit are interconnected and have a two-way closeable 
valve; 

FIG. 6 is a schematic representation of an alternative embodiment similar to 
the embodiment shown in HG. 5, but where tiie inhalation and exhalation portions 

are adjustably expandable: 
10 FIG. 7 is a schematic representation of another embodiment of the invention 

where a series of valves are provided along die lengdi of die inhalation and 

exhalation portions to provide a selectable volume of deadspace dependent upon the 

size and/or capaciQr of the patient; 

FIGS. 8(a) and G>) are schematic representations of another embodiment of 
15 die invention where a leak valve is provided, botii wifli a vent to atinosphetc and to 

a parallel compliance duunber; 

FIG. 9 is a schematic representation of a tracheal gas insufflation apparatus 

of die present invention which can be used to provide a necessary change in 

ventilation widi a deadspace; 
20 HG. 10 is a schematic representation of human lungs iUusteating the 

concepts of parallel deadspace. alveolar deadspace and serial deadspace in die lungs 

of a patient; and 

FIG. n is a flow diagram briefly describing die calculations made hx flie 
software program to calculate cardiac ouq)m fiom die measured vahies of normal 

25 breathing and partial rebreatfaing. 

nTTTATf nP cn ^TPTTON q ptott n T TTfn-RATIQNS 
For comparative purposes. HG. 1 schematically illustrates a conventional 
ventilation system whicA is typicaUy used with patients who reqpure assisted 
30 breafliing during an illness, a surgical procedure or recovery ftom a sui€^ 

procedure. The conventional ventilator system 10 includes a tobidar portion 12 
which is inserted into die trachea by intubation procedures. The distal end 14 of die 
mbular portion 12 is fitted widi a Y-piece 16 which inttaconnects an i^ 
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hose 18 and an expiiatoiy hose 20. Both the inspiratory hose 18 and expiratCMy 
hose 20 are connected to a ventilator machine (not shown) which delivers air to the 
inspiratory hose 18. A one-way valve 22 is positioned on the inspiratory hose to 
prevent exhaled gas from entering the mspiratoty hose 18 beyond the valve 22. A 
5 similar one-way valve 24 on the expiratory hose 20 limits movement of inspiratory 
gas into the expiratory hose 20. Exhaled air flows passively into the expiratory 
hose 20. 

In known re-breathing ventilation circuits 30, as shown in FIG. 2, the 
mbular portion 32 is inserted into the trachea of the patient by intubation 
10 procedures, and gas is provided to the patient from a ventUator machine (not shown) 
via an inspiratory hose 34 which is interconnected by a Y-piece 36 to an expiratory 
hose 38. An additional length of hose 40 is provided between the tubular portion 
32 and the Y-piece 36 which acts as a deadspace for receiving exhaled gas. A 

three-way valve 42 generally positioned between the Y-piece 36 and the opening to 
15 the additional length of hose 40 is constructed for intermittent actuation to 
selectively direct the flow of gas. That is, at one settmg. the valve 42 allows 
inspiratory gas to enter the mbuter portion 32 while preventing movement of die gas 
into d»e additional lengfli of hose 40. In a second setting, die valve 42 allow 
exhaled gas to enter into die expiratory hose 38 while preventing movement of gas 
20 into die additional lengdi of hose 40. In a diird setting, die diree-way valve 42 
directs exhaled air to enter into die additional lengdi of hose 40 and causes die 
patient to re-breadi die exhaled air on die foUowing breadi to dier«*y cause a 

change in effective v entilation . 

Tlie change in VCOa and end-tidal CO2 caused by die chaise m ventihition 

25 in die prior art system of no. 2 can dien be used to calculate cardiac output. 

Sensing and/or monitoring devices may be attached to die re-bseadung ventilation 
circuU 30 between die additional lengdi of hose 40 and die mbuhir portion 32. The 
sensing and/or monitoring devices may inchide. for example, means 44 far 
detecting CC), concentration and means 46 for detecting flow panuneters during 

30 inhalation and exhalation. Those sensing and/or monitoring devices are typically 
connected to data recorduig and display equipment (not shown). One problem 
encountered in use of die prior art system is diat die deadspace provided by die 
additional lengdi of hose 40 is fixed and may not be adjusted. As a «»ult.die 
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amount of deadspace provided in the circuit for a smaU adult to effect ic-breathing 
is the same amount of deadspace available for a large adult to effect re-breafliing, 
and the resulting changes in COj values for patients of different size, derived from 
fixed-deadspace systems, can produce inadequate evaluation of cardiac output. 

5 Further, the three-way valve 40 of the system is expensive and significantly 
increases the cost of the ventilation device. 

FIG. 3 illustrates the ventilation apparaUis of the present invention which 
provides an improvement over known ventilation devices used to detea or monitor 
cardiac output. The present ventUation apparatus 50 comprises a tobular air-way 52 

10 which is placed in communication with the patient's lungs. Although the present 
veniilauon apparatus 50 may be placed in communication with the trachea by 
intubation procedures as is done in the prior art. the present ventihition apparams 50 
need not be inserted direcfly into the trachea of the patienL Altemativdy. a 
breathing mask may be used for positioning over the patient's nose and monlfa. 

15 Thus, the present invention may be used with unconscious or uncooperative patients 
needing ventiktion assistance and may be used with equal efBcacy with patients 
who are conscious. The ventilation apparanis 50 also includes an inspiratory hose 
54 and an expiratory hose 56 which may be each ventilated to atmosphere or may 
be connected to a ventilator machine (not shown) winch provides gas for deliveiy to 

20 the patient through flie inspiratory hose 54. The mspiratory hose 54 and expindoty 
hose 56 inay be joined together by a Y-pieoe 58. 

The Y-piece 58 connects to xa additional lengtii of conduit or hose 60 which 
provides a deadspace for receiving exhaled gas frcmi the patient. However, the 
additional lengtii of hose 60 is structured to be selectively expandable to readily 

25 enable tiie volume of deadspace to be adjusted cdmmensuiatt witii ti» size or hmg 
capacity of the patient, or to otiier ventilation parametMS, such as increased or 
decreased tidal volume or modified respiration rate. As suggested by tiie schematic 
drawing of HG. 3, selective expansion of flie deadspace may be accomplished by 
structuring the additional lengtii of hose 60 witii an expandable section €2 made of, 

30 for example, a piece of corrugated hose which can be lengfliened or shortened by 
simply pulli»« or pushing tiie expandable section 62 along its longitudin^ 
TTie corrugated hose wiU retain tiie length at which it is positioned until adjust 
again. Other suitable means of providmg adjustable expansion of tiie votame of Ac 
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deadspace are available, extending tbe length of the hose 60 being but one 
approach- A three-way valve 68 may be connected to the additional length of hose 
60 to force inspiratory gas to enter the deadspace 70 upon inhalation. The three- 
way valve 68 is also structured to selectively prevent exhaled gas firom entering flje 
5 deadspace 70 during nornud breathmg or to direct exhaled gas into deadspace 70 
during re-breathing episodes so that the patient is forced to re-breath exhaled gas 

ftom the deadspace 70. 

A flow meter 72, or pneumotachometer, is attached to the ventilation 
apparatus 50 at a point between the tobular air-way 52 and the additional lengfli of 

10 hose 60. The flow meter 72 detects gas flow through the ventilation apparatus 50. 
A CO, sensor 74, or capnograph. is also connected to the ventilation apparatus 50 
between the mbular air-way 52 and the additional length of hose 60. TheCOj 
sensor 74 detects changes in CO, resulting irom a chaise in ventilation, the data 
from which is used to calculate cardiac output. The CO, Sensor 74 vaay be an "on 

15 airway" sensOT, a sampling sensor of the type which wiflidraws a side stream 

sample of gas for testing, or any other suitable COj sensor. Both the flow meter 72 
and CQj sensor 74 are connected to a computer 76 which is progranuned to store 
and analyze data from the flow meter 72 and COj sensor 74, and to calculate from 
the data the estimated cardiac ouQnit of the patient. 

20 As previously described herein, the differential Pick Equation cequues a 

change in puhnonaiy gas concentration and output to be induced in the patienc in 
order to estimate cardiac ouqmL Re-breafliing gas previously exhaled by the paticBt 
mcreases the amount of CQi breathed hi by the patient and enables the cvahi^ 
increased COj levels during a change m effective ventilation as conqiaied to 

25 standard COj levels during normal ventaation. The ventilation apparanis of flie 
present invention provides the ability to selectively adjust the deadspace pequired in 
re-breathing to increase the amount of gas (COj) re-breathed by the patient from the 
previous exhalation. The ventilation apparams of the present invention also allows 
the ventilatioii circuit to be adjusted automatically in accoidanoe wifli the size or 

30 capacity of a patient, and in response to ventUation parameters. That is. if the 

detected change in etCO, is less than 3 mm Hg, or the change in VCO, is less than 
0.2 times the VCX)j. then the deadspace volume should be mcreased by twenty 
percent 
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In an alternative embodiment of the apparatus 50 of the invention, as shown 
in no. 4. the expense of using a three-way valve may be eliminated by stnicturing 
the additional length of hose 60 wifli an inexpensive two-way valve 78 and by 
positioning a flow lestrictor 80 between the inlet 82 and ouflet 84 of the deadspaoe 
5 70. Thus, when the two-way valve 78 is closed, gas to and firom the ventitator 

machine wiU be directed through the flow restrictor 80 and to the patienL During a 
re-breathing episode, the two-way valve 78 is open so that the exhaled air, 
encountering the flow restrictor 80. follows the course of less resistance througih tbe 
deadspacc 70. Thus, die deadspace 70 may be adjusted at the expandable section 62 

10 to provide the necessary deadspace 70 for calculating changes in cardiac output. 

In another alternative embodfanent of the ventilation apparatus 50 of the 
present invention, as shown in FIGS. 5(aHc). a shunt line 84 is positioned between 
the inspiratoiy hose 54 and the expiratoiy hose 56 to provide selective sized 
deadspace 70 in the circuit. The stracture of the embodiment shown ia HGS. 5(a)- 

15 (c) causes die inspiratory hose 54 and expiratory hose 56 to act as part of the 

deadspaoe 70. as well. A two-way shunt valve 86 positioned on the shunt line 84 
selectively directs the flow of mspired and e^ired gas dependent upon whether the 
shunt valve 86 is open or closed. Thus, when the ventilation apparatus 50 is 
configured for nonnal or baseline breatiiing. as depicted in FIG. S(a). exhaled air 

20 (represented by the shaded area) win enter the expiratory hose 56. Du^ 
breathing, die shunt valve 86 is closed. When die ventilation apparatus 50 is 
configured for a re-breathing episode, as depicted in HG. 5(b). the shunt valve 86 
is opened and exhaled gas may fill a portion of die ui^iratoiy hose 54. all of the 
expiratory hose 56 and die shunt line 84. aU of which serve as the dead^ 

25 The deadspace 70 m die embodiment shown in HGS. 5(aHc) may be 

rendered adjustably expandable, as shown in HG. 6, by stnicturing the inspkatoiy 
hose 54 widi an expandable section 90 positioned between die shunt line 84 and the 
Y-piece 58. and by structoring die expiratory hose 56 witii an expandable section » 
positioned between die shunt line 84 and the Y-piece 58. Thus, the deadspaoe 70 

30 can be selectively adjusted in accordance with die size or capacity of die patient, ot 
responsive to operating conditions, by increasing diat portion of die inspiratory hose 
54 and e:q)iratory hose 56 extendh« ftom die Y-piece 58. Aiqr suitable adjust«fl>ly 
expandable means may be used. As suggested by HG. 6, however, die expandable 



' PCT/US97/2420 

WO 9806710 

-13- 

seciion 90, 92 may be made firom corrugated plastic material the length of which 
can be easily expanded or contracted, and the plastic material will maintain its 
adjusted length untU repositioned. The embodiment of FIG. 6 provides a 
particularly simple and mexpensive construction rendering a particularly preferred 
5 embodiment because of its ease of use and disposabiliQr. 

In yet another embodiment of the ventilation apparatus 50 of the present 
invention, as shown m HG. 7, the amount of available deadspace 70 may be 
selectively adjusted by providing a plurality of shunt lines 84. 94, 96 positioned 
between the inspiratory hose 54 and the expiratory hose 56, with each shunt line 84, 

10 94, 96 being structured with a two-way shunt valve 86, 98, 100. In operation, the 
amount of deadspace 70 required, as dictated by the size or capacity of the patient, 
may be selectively provided by using any suitable nunaber of shunt lines 84, 94. 96 
to allow exhaled gas to move through tiie ventilation apparatus 50. For ^cample, 
given a patient of average size or hmg capacity, it may be appropriate to use the 

15 first shunt line 84 and the second shunt line 94 as potential deadspace 70. Thus, as 
the patient exhales in a re-breathing episode, the shunt valves 86, 98 associated with 
the first shunt line 84 and second shunt line 94 may be opened allowing exhaled and 
re-breathable gas to fill the expiratory hose 56, the inspkatory hose 54 between the 
second shunt line 94 and the Y-piece 58, the first shunt line 84 and the second shunt 

20 line With a patient of lai^er size or greatCT hmg csjwcity, it inay be necessa^ 
to use the third shunt line 96 as weD in providing sufficient deadspace 70 for re- 
breathing. Notably, each shunt valve 86. 98. 100 may be in electromechanical 
communication with the campvia 76 (not shown m HG. 7) so that the computer 
may deteimine. from the pneumotachometer. for example, that additional deadqwoe 

25 70 is required and cause the opening of one or more of the shunt valves 86. 98. 100 
to provide sufficient additional deadspace 70. In an alternative embodhnent. the 
ventilation apparatus 50 shown in HG. 7 may be modified by the addition of 

selectively expandable sections 90. as shown in FIG. 6. 

In dje several alternative embodiments of the invention previously illustrated 
30 and described, the amount or vohraie of the deadspace has been selectively 

adjustable by providing means for adjusting the volume of the deadspace. such as by 
providmg length expanding means. It may be equally appropriate, however, to 
provide a change in ventilation, as Inquired by the differential FIck Equation. Iqr 
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leaking some of the exhaled gas out of the system during the inspiration phase of a 
breath. Thus, as iUustrated by HG. 8(a), the ventilation apparatus 50 of the present 
invention may be structured with an evacuation line 106 connected to the expiratory 
hose 56 of the ventflation apparatus 50. The evacuation line 106 may be structured 
5 with gas releasing stmctoic, such as a simple valve 108 connected thereto which, 
when opened, allows exhaled gas to move through the evacuation line 106. An 
orifice 1 10 positioned at the end of the evacuation line 106 allows some of Ibc 
exhaled gas to escape to the atmosphere. 

When and how much exhaled gas should be leaked from the ventilation 

10 apparatus 50 duriiig a re-breathing event may be determined by the computer (not 
shown in HG. 8) in response to flow conditions. COj conditions and/or the size or 
lung capacity of the patient. The valve 108, in electromechanical communication 
with the computer, may be selectively actuated according to ventilation or patient 
conditions. Where a patient is anesthetized or is otherwise exhaling gas whidi is 

15 undesirable for venting to die atmosphere, a conq)liant chamber 112, such as an 
expandable bag shown in HG. 8(b), may be attached to die evacuation line 106 to 
receive die exhaled gas leaked from the ventilation ciiaiiL 

HG. 9 schematically ilhistrates the use of a tracheal gas insufOation CTGI) 
apparanis 120 to provide the necessary deadspace in determining cardiac output in 

20 patients. TGI apparams is lypicafly used to ventilate si(± patients who lequire Ibe 
injection of fresh gas into tiieir central airway for the improvement of alveolar 
ventilation. TCI ^aratus can be configured to provide continuous or phasic ^e.g.. 
only during inhalation) injections of gas. The TGI apparams supplies gas. or an 
03^gen/gas mixture, to the hmgs wifh every brealh. As shown in FIG. 9. fl»TCH 

25 apparatus comprises an endotracheal tube 122 which is inserted into die tra^ 
of the patient by innibation procedures. A catheter 126 extends throu^ the 
endotracheal mbe 122 and into the patient's hmgs. typically just dwvc the carina. 
Gas or an oxygen/gas blend is provided from a gas souice 128 and is dkected 
through gas tubing 130 into the catheter 126. A flowmeter 132 m^ assist in 

30 determining tiie optimum amount of gas to be introduced into the hmgs. 

An adaptor fitting 134 may be used to connect a ventilation cifcait 136 of a 

type previously described to die TGI apparatus 120. That is. a ventilation -ckcoit 
136 comprising a Y-piece 58 from which extends an inspiratory hose 54 and an 
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expiratoiy hose 56 is stiuctuied with a flow meter line 72 attachable to a flow meter 
(not shown) and a CO, sensor 74 for collecting data derived during a le-bicathing 
event. In the illustrated TGI apparatus 120. the endotracheal tube 122 provides 
deadspace 70 required for re-bieathing in addition to the ventilatioii circuit 136 as 
5 previously described. To act as a deadspace. however. Ae TGI apparatus (i.e.. die 
gas sou«:e 128 and flow meter 132) must be turned off. reduced or otherwise 

disabled. Exhaled air is thereby allowed to fill the endotracheal tube 122 and enter 
through the Y-piece 58. The endotracheal tube 122 and ventilation circuit 136 serve 
as deadspace when the TGI apparatus 120 is mmed off. TTie vohmie of deadspace 

10 provided by the TGI apparatus configuration may be further increased or decreased, 
as necessary, by varying the depth to which the catheter 126 is positioned in dje 

patiCTt's trachea. 

nie conq)uter to which the flow meter 72 and CO, sensor 74 are<»miected 
is programmed to receive data coUected by the flow meter 72 and CO, sensor 74 
15 and to analyze the data to calculate an estimated cardiac output. Tte^^^ 

which are required by the software program to analyze the data and to estim^ 

cardiac output are described hereafter. 

Tlie calculation of cardiac output for a given patient is based on the 

coUection of data ftom the CO, sensor and flow monitor attad«l to die ventilation 
20 apparatus of the present mvention. Raw flow and C02 signab from &e flow 

monitor and CO, sensor are filtered to remove artifects and die flow signals. CO, 
signals and pressure signals are stored in a buffer in the software program. When 
the flow signal crosses a prescribed threshold <e.g.. 15 liters/minute). d« buffer is 
searched to find die most recent zero^ssing. The 2eroK:rossing is identified as 
25 the start of a new breath. AU data stored in the buffer since the last 2ero<rossfa« 
and the crossing of die prescribed tiireshold (i.e.. die new zero^crossing) is 
established as one breadiing cycle. For each breadiing cycle, die parametc« of the 

breafliing phase are calculated as follows: 

1) etCO,: nie average concentration of CO, during the final 5% of 

30 . expiratory tidal volume is taken as end-tidal Cft. 

2) vCO,: The integral of flow (in milliliters) multiplied by 
concentration of CO, over die entire bieadi is VCOa. 
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3) Inspired CO2: This is the concentration of inspired COj. It is the 
integral of COj concentration times the volume (in milliliters) of air 
flow during inspiration (i.e., negative flow). 

4) Au^ay deadspace: Determined as the expired volume (in milliliters) 
^ at which CQi concentration crosses a selected threshold set at, for 

exanq)le, 0.5 times etCO}. 
The initial values of VCO2 and etCO, are filtered employing a three-point 
median filter. The etCOj and VCOj signals are straight-line inleipolated and fc- 

sampled at 0.5 Hz. 

A correction is made in the VCQi value to account for alveolar deadspace. 
That is, the correction in VCO2 corrects for the flow of CO, into lung stores such 
as the functional residual capacity (FRO in the lungs, or, in other words, the 
volume of gas left in the lungs at the end of a breath. Alveolar deadspace is 
demonstrated more clearly in HG. 10. which schematicaUy illustrates the lungs 150 
15 ofa patient The lungs 150 generally conq)rise the trachea 152. bronchi 154 and 
alveloil56. The trachea 152 and bronchi 154 generaUy conq)rise what is known as 
the anatomic or serial deadspace. which exists in the region indicated between 
arrows A and B. In the tangs 150. there are alveoli 156 which are perfused with 
blood (i-e.. in contact with blood flow to provide oxygenation to the blood) and 
alveoU which are not perfused, though both perfused and un-perfused alveoU 156 
may be ventilated. 

Perfused alveoU 160 and ui?)erfused alveoli 162 are illustrated in FiG. 10. 
The perfused alveoli 160 are contacted with blood flowmg througih minute 
capillaries 164 sunoundmg the alveoU 160. the venous blood 166 flowing toward 
fbs alveoU 1 60 and the arterial blood 168 flowing away from the alveoU 160 in the 
direction of arrow 170. In the alveoU 160. 180. a vohune of gas. known as Ae 
functional residual capacity (FRO 172 remains in the alveoU foUowing exhalation. 
A portion 172 of the alveoU 160 which is evacuated upon exhalation <i^.. is 

vertfilated) is i^resentational of alveolar CO, (PA«,)- ^ tm-perfused alveoU 162. 
the FRC 176 contains gas which is not evacuated during a breath, and the ventilated 
portion 178 of the idveoU 162 forms a space containing gas or CO, which is 
ventilated, but not perfused. » is the ventUated portion 178 existing in the un- 
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perfused alveoli 162 whfch romprises paraUel deadspace (PDS). so ^ 

is ventilated in parallel with the perfused alveoli. 

In the present invention, the software program compensates, or accounts, for 
the functional residual capacity of the patient's hmgs and the alveolar deadspaoe 
5 which exists. The correction is equal to the FRC times the change in end tidal 

concentration or 

VCQi = VCOj + FRC X AetC02/Pbar. 
where "Pbar" is barometric pressure. FRC is estimated as a function of body 
weight as estimated by the deadspaoe volume using the equation 
10 FRC -FRC-factorx airway deadspaoe + an off-set vahie. 

where the FRC-factor is a value experimentally determined or is based on published 
data known m the art and die off-set value is a fixed constant which is added to 
compensate for breathing masks or other equipment components which may add 
deadspaoe to die circuit and titereby unacceptably skew the rektions^ 

15 FRC and deadspace. The akway deadspace is die vohime at which COa crosses a 
selected flireshold [e.g.. 0.5etCOJ. Dry gas is assumed m all equatiom. 

Compensation is also made for parallel deadspace <See HG. 10). Parallel 
dead space CO: concentration is calculated as a low pass filtered version of die 
nuxed uispixed COi phis the airway deadspace times die previous end tidal C(^ 

20 concentration. The average CO^ is etCO, times airway deadspace plus inspimd 
COj volume divided by die tidal vohime. Breatii-by-breadicalcutotion of parallel 
deadspace. or unperiused space, concentration is dierefwe: 

CCWn) = [FRC/(FRC+VJ] x CO^r^V) + avic^ + deadspaoe x 

etCOj(n-l)]Arj X [V/(Ve+FRQl 
25 where V, is die tidal vohime (die volmne of the breath). PDS is parallel deadspaoe 

(ie space m die tang diat is ventilated but not perfused by blood flow). etCOi is 
flie concentration of CO, at die end of die exhaled brealh. or "end-tidal." "dead 
space- is die votame m die trachea and bronchi durough which air must pass to«et 
to die alveoU but m which no gas exchange occurs (also defined as "serial dead 
30 space." See HG. 10) and (n-1) indicates die previous breafli. 

' Alveolar CO, partial pressure ("PA^^') ^ ^ ^ ^^"^'^ ^ 

and die CO2 in die parallel deadspaoe. Thus, if 
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etCQi = r X PAop, + 0-r)PDSoo,. 

then 

PA^ = [etCOj - a-r)PDSoo,V'' 
where r is the perfusion ratio calculated as the ratio of perfused alveolar ventilation 
5 divided by total alveolar ventilation, or (V^ - Vpds)/Va. The perfusion ratio r is 
estimated to be about 0.92. Perfiision ratio can also be estimated by direct analysis 
of art«ial blood. 

The PAoo^ signal is then converted to CO2 content using tiie foUowing 
equation: 

jQ = (6.957 X Hb + 94.864) x to(l + 0.1933(p^)). 

where C »s the concentration of COj and Hb is hemoglobin concemnition. In 
some instances, a hemoglobin count may be readily available aixi is used in ti^ 
equatiwi. If hemoglobin (Hb) concentration is not available, tiie vatoe of 11.0 is 

used in the software program. 
15 Baselinevaluesof etCOj and VCO2. also referred to hensin as n)ef6re CO, 

and before VCOj." are those vahies which exist during normal breathing and are 
calculated as the avmge of all samples between 27 and 0 seconds before the start 
ofre-breatiiing. Once a re-breatbing episode begins, tiie VCOj value during re- 
breatiiing. also referred to herein as Muring VCOa.- is calculated as the average 

20 VCO, between 25 and 30 seconds of re-breathing. The calcdation of during a 
re-breatiiing episode is determined using a regression Ime to predict tiie stable 
concentration of alveolar CO, ic^). To predict the C«^ at which tiie signal wiU 
be stable O-e.. unchanging) ibc C^^ is plotted versus tiie breatii-to-breatii change in 
concentration. The line is regressed and tiie intersection between tiie and zeto 

25 AC^ ^ ^ predicted stable poinL 

Cardiac output is tiien calculated as folloiws: 

CO, = [before V«i, - W'f**"^ ■ '^^^ 
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The operation logic of the software program is briefly illustrated in the flow 
chart of FIG. 11. The computer is programmed to detect the end of an exhalation 
200 at which point the computer collects data from the COj sensor zdA the flow 
meter and calculates CO,. VCO,. Inspired CO, and airway deadspace vsdues 202. 
5 The program then calculates FRC, at 204, according to the equation previously 
noted. The program also corrects the VCOj vahie. at 206, in accordance vdth tiie 
equation previously described. At thirty second intervals (thirQr seconds only bemg 
an average time, which may be adjusted higher or lower commensurate with die 
size of the patient), the CQ2 and VCOj values are re-calcuhiied. at 210, to provide 
10 an average of those values based on time, not on the variable time at whidi 

exhalation may end. 

The program then calculates die estimated pCOj in the parallel deadspace 
212 and calculates die estimated pCO, in die alveoli 214 using die equations 
previously described. At tiiat pohit. a re-breadung episode is initiated 216 and a 

15 deadspace is introduced. Again, tiie computer coUects data from die CO, sensor 
and die flow monitor of die apparatus and from diat data, die chai^ in VGO2 and 
alveolar COj mduced by die introduction of die deadspace is calculated 218. If die 
calculated change in VCO, is less dian twenty percent (?0%) of die baseline VCO, 
or if die change in partial pressure of alveolar COj is less dian 3mm Hg MO. fliea 

20 die operator is notified to increase die partial re-breadung deadspace 222 by 

increasing die expandable volumetric dimension of die adjustable deadj?)aee of die 
apparams. Baseline values are cancelled 224 dien recalculated, as suggested by 
arrow 226. If. however, die change in VCO2 during re-breadung is greater dwi 
80% of baseline vahiM. dien die operator is notified to decrease die adjustable 

25 deadspace of die apparatos by decreasing dte volumetric dimension of die adjustable 
deadspace 230. The baseline values are cancelled 232 and recalculated, as 
suggested by arrow 234. Notably, die computer may notify die operator to make 
die necessary charges in die adjustable deadspace or. in an alternative embodiment, 
the computer may signal mechanical means connected to die adjust^le deadspace to 

30 inaease or decrease die volumetric dhnensioii of die deadsfpace automatically. 

Upon proper adjustmem of die adjustable deadspace and die recalculation of 
baselme CO,. VCQ,. inspired CO, and airway deadspace vahies. die alveolar partial 
pressure (etCOj) is converted by dte software program to CC^ content and die 
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change in CO2 content induced by the introduction of deadspace in the re^^ 
episode is calculated 236. From those values, cardiac ouqjut is calculated 238 in 
accordance with the equation previously desaibed. 

All references to times of data collection assume a thirty (30) second re- 
5 breathing period. However, the actual length of time for periods of re-breathing are 
dependent upon the patient's size, lung capacity and cardiac output determined fixmi 
previous breathing cycles. The program also controls the operation of the shunt 
valve or valves in the re-breathing apparanis. The valve or valves are opened based 
on a timer value determined by patient size, capacity and/or cardiac output 

10 The ventilation apparatus of the present invention provides a new and more 

accurate means of determimug cardiac output in patients. The strocture and 
electronic capabilities of tiie present invention may be modified, however, to meet 
the demands of die particular application. Hence, reference herehi to specific 
details of the illustrated embodiments is by way of example and not by way of 

15 limitation. It win be apparent to those sldlled ra die art that many addi^ 

deletions and modifications to the illustrated embodiments of the invention may be 
made witiiout dq)arting ftom the spirit and scope of die invention as drfh*^ 

following claims. 
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whof ic riaimed is; 

1. Apparatus for non-invasive detennination of cardiac outinit 

comprising: 

5 an airway conduit for contact with a patient's ainwy; 

an inspiratory conduit interconnected to said airway conduit; 
an expiratory conduit interconnected to said airway conduit; 
a volume-adjustable deadspace positioned in fluid communication with said 
expiratory conduit; and 
1 0 detection apparatus positioned in proximity to said airway conduit for detecting 
changes in gas concentrations and gas flow from sad patienL 

2- The apparatus of claim 1 wherein said volume-adjustable deadspace 
includes at least one shunt line extending between said expiratory conjhiit and said 
15 inspiratory conduit, said shunt line being stroctured with a selectively acmated shunt 
valve providing movement of exhaled gas between said inspiratory conduit and said 
expiratory conduit via said shunt line. 

3. The apparanis of claim 2 further comprising a souice of ventilation in 
20 communication with said airway conduit to provide gas to a patient. 

4. Theapparanisof claim 2 further comprising a plurality of shunt lines 
extending between said expiratory conduit and said inspiratory conduit, each said 
shunt line having a selectively acmated shunt valve providing movement of exhaled 

25 gas between said inspiratory conduit and said expiratory conduit. 

5. The apparanis of claim 2 wherein said expiratory conduit inchides a 
volume-expandable section and said inspiratory conduU inchides a vohune- 
expandable section, each said volume-e3q)andable section being positioned to 

30 selectively expand said volume-adjustable deadspace. 



6. The apparatos of claim 5 further comprising a souice of ventilation i 
communication with said akway conduit to provide gas to a patient. 
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7. The apparatus of claim 5 further comprising a pluraUty of shunt lines 
extending between said e;q)iratoiy conduit and said inspiratory conduit, each said 
sbum line having a selectively actoated shunt valve providing movement of exhaled 

gas between said inspiratory conduit and said expiratory conduit 

5 . . ■■ 

8. The apparatos of claun 1 wherein said volume-adjustable deadspace is 

a length of conduit positioned between said airway conduit and said expiratory 
condiitt. 

9. Theapparatusof claims wherein said length of conduit is strucnwDd 
with a volume-e3q)andable sectiom. 

10. The apparatus of claim 9 further con?)rising a three-way valve fw 
selectively directing gas through said lengdi of condi^ 
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11, The apparatus of claim 8 further comprising a source of ventilation in 
aramiunication with said airway conduit to provide gas to a patient. 



12. the apparatus of chim 9 wherem said lengfli of conduit ^irflwr 
20 comprise! an iolet. an outlet and a restrictor valve positioned theieb^twee| for 
sd?(^vefy preventing flow pfTgas into 
fifid|r conxprisi^ a tw<Hy^^ positioned i^^ 

;y^le d^dsp^ conduit f^ sele03v«^ tliie^^ 

tbroujgh sud voluine-^^ 



13, TTwai>paratus6fclahnl2furt^ 
iBcomnwnicatiGnwidisaid; 

14. " Hie apparatus pf claim 1 wherein said adjustable deadspaoe 1* « 
selectively length-expandable section positioned between said airway conduit and 
said expiratory conduit and a selectively lengfli-«q)andable section positioned 
between said airway conduit and said inspiratdiy condiriL 
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15. The apparatus of claim 1 wherein said adjustable deadspace is an 
expandable section of conduit positioned between said airway conduit and a source 
of ventilation gas. 

5 16. The apparatus of claim 1 wherein said volume-adjustable deadspace 

includes an evacuation line connected to said expiratory conduit, said evacuation 
line having gas releasing stnicturc for evacuating gas from said evacuation line for 
reducing the volume of said deadspace. 



10 
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17. The apparanis of claim 16 further comprising a compliant receptacle 
attached to said evacuation line for receiving evacuated exhaled gas therein. 

18. The apparatus of claim 1 wherein said volume-adjustable deadspace is 
provided by a tracheal gas insufflation device. 



19. Apparanis for non-invasively determining cardiac output of a patieiit 
comprising an airway conduit for contact with a patient's airway, an inspiratory 
conduit connected to said airway conduit and an expiratory conduit connected to 
said airway conduit, said expiratory conduit being strucmred with an evacuation line 
20 for selectively evacuating an amount of exhaled gas from said patient and a 
selectively-adjustable valve connected to said evacuation line for releasing an 
amount of exhaled gas through said evacuation line. 



20. Theapparamsof claim 19 further coinprising an evacuation pott for 
releasing gas, and further comprising a compliant receptacle connected Aacto for 
receiving said exhaled gas. 

21. The apparanis of claim 19 further comprising a source of ventihition 
in communication witii said airway conduit to provide gas to a patient 

22. Apparatus for non-invasively determining cardiac output of a patient 
comprising an airway conduit for contact witii a patient's airway, a souice of gas in 
communication with said airway conduit, a gas insufflation conduit extending from 
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said source of gas to said patient's lungs and positioned in tandem with said airway 
conduit to direcUy deliver gas to a patient's lungs for insufflation thereof, a source 
of ventilation connected to said airway conduit for providmg gas thereto, an 
inspiratory conduit interconnected between said source of ventilation and said 
5 airway conduit and an expiatory conduit interconnected between said source of 
ventilation and said airway conduit, said gas msufflation conduit and airway conduit 
being sized and positioned to provide an intermittent deadspace from which a patient 
can le-breath exhaled gas. 

10 23. A method for non-invasively measuring cardiac output comprising: 

providing ventilation apparatos for measuriAg puhnonary gas output of a patient, 
said appaiams including an airway conduit for contaa with a patient's 

trachea, an inspiratory tobe connected to said airway conduit, an e^iralwy 
wbe connected to said airway conduit and a deadspaoe connected to said 

15 airway conduit; 

comiecting said airway conduit to a patient's trachea to provide ingress and e^ 

of air therethrough 
initiating normal breathing in tiie patient; 

measuring tiie volmne of gas and end-tidal gas concentration for a selected period of 
20 ventilation to establish a baseline gas concentration and gas vohmie output; 

calculating die end-tidal concentration of gas and calculating the concemration of 
gas over the period of one inhalation and one exhalation; 

calculating the concentration of gas during exhalation and calculating anatomic 
deadspace; 

25 redetemiining the vahie of concentration of gas over the period of one inhalation 
and one exhalation to account for alveolar deadspace; 
redetermining die gas concentrations to adjust for parallel deadspace; 

introducing a change in ventilation by directing exhaled gas from the patient into 
said deadspace for r«-breaflung by die patient; 
30 measuring die change in gas volmne and gas concentration during an epu^ 

breathix^; 

said nonml breathing ^ mea^ring of said ,ol«» ot e>s and «d-tid.l 
gas con«iitratioii, and recalculating said vahKS of end-tidal «.! 
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concentration. gas roncentiation over inhalation and exhalation and ga^ 

concentration dxtxmg inspiraticii; 
redetermining said gas concentration to account for parallel deadspace; and 
calculating the difference between said baseline gas concentrations and volume of 
5 gas output with the detected change in gas concentration and gas vohnne 

output followiAg re-breathing. 

24. The method according to claim 23 wherein said dead space of said 
ventilation apparams is volume-adjustable, said metiiod further compristag: 

10 adjusting said volmne-adjustable deadspace of said ventilation apparams responsive 

to a perceived variance from a selected value of gas concentration per 
volume of gas prior to repeating said normal breathing- 

25. nie method according to claim 24 wherein said measased «as is CO, 
15 cxptUcd from said hm^ of said patieitt. 

26. The method according to claim 25 wherein said adjusting of said 
volume-adjustable deadspace conq,rises expanding the vohnne of said deadspaoe 
responsive to a perceived value of expeUed gas volume less tiian 

20 said baseline vahie of «q)ened gas vohmie. 

27. -nie niethod act^ording to claim 25 wh^ 

deadspace ton^rfcr expanding the volmbe of said d^dspao^ 
responsive to a pen«ived change in vsdue of s^^ 
25 than 3mm Hg partial pressuie. 

28 TTie method accordir« to claim 25 wheiem said adjusting of said 

volume-adjustable deadspace corrq,rises decreasing the volume of said deadq«oe 
responsive to a perceived value of greater tiian eighor peK«m of «^ 

30 expelled gas vohnne. 
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29. The method according to claim 25 wherein said adjusting of said 
volume-adjustable deadspace comprises evacuating a portion of said exhaled re- 
breathed gas from said deadspaoe. 
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